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Supersymmetry with R-parity violation ~RPV! provides an interesting framework for naturally accommo-
dating small neutrino masses. Within this framework, we discuss the lepton-flavor violating ~LFV! processes
m→eg , m→eee , and m→e conversion in nuclei. We make a detailed study of the observables related to LFV
in different RPV models, and compare them to the expectations of R-conserving supersymmetry with heavy
right-handed neutrinos. We show that the predictions are vastly different and uniquely characterize each model,
thus providing a powerful framework for experimentally distinguishing between different theories of LFV. In
addition to the obvious possibility of amplified tree-level generation of m→eee and m→e conversion in
nuclei, we find that even in the case where these processes arise at the one-loop level, their rates are compa-
rable to that of m→eg , in clear contrast to the predictions of R-conserving models. We conclude that, in order
to distinguish between the different models, such a combined study of all the LFV processes is necessary, and
that measuring P-odd asymmetries in polarized m→eee can play a decisive role. We also comment on the
intriguing possibility of RPV models yielding a large T-odd asymmetry in the decay of polarized m→eee .
DOI: 10.1103/PhysRevD.63.035004 PACS number~s!: 12.60.Jv, 13.35.2rI. INTRODUCTION
Recently, neutrino oscillation experiments @1–3# have
provided very strong evidence for nonzero, yet tiny, neutrino
masses. In order to accommodate such small masses, it is
widely believed that new physics beyond the standard model
~SM! is required. One of the simplest and most elegant
mechanisms for generating a small neutrino mass is to intro-
duce extra standard model singlets to the SM Lagrangian,
and allow them to acquire a very large Majorana mass ~this
is the well known seesaw mechanism @4#!. There are many
important phenomenological consequences of neutrino
masses. One of them is that individual lepton-flavor numbers
are not conserved, which implies that SM forbidden pro-
cesses such as m→eg may occur. However, given the size of
the neutrino masses, the rates for charged lepton flavor vio-
lating ~LFV! phenomena are extremely small in the SM plus
massive neutrinos @5#.
There are other hints for physics beyond the SM, includ-
ing the gauge hierarchy problem. Low-energy supersymme-
try ~SUSY! is one of the preferred candidates for beyond the
SM physics which solves the hierarchy problem. SUSY
models can easily accommodate the seesaw mechanism, and
SUSY even helps in the sense that it stabilizes the ~very
heavy! Majorana mass of the right-handed neutrino. Further-
more, in such a framework, LFV processes in the charged
lepton sector such as m→eg , m→eee , and m→e conver-
sion in nuclei are potentially amplified, as has been previ-
ously discussed @6–9#, and the rates for such processes can
be within the reach of future experiments. The reason for this
is that while in the SM plus massive neutrinos the amplitudes
for LFV violation are proportional to the neutrino masses
~i.e., suppressed by the very large right-handed neutrino
masses, in the case of the seesaw mechanism!, in SUSY
models these processes are only suppressed by inverse pow-
ers of the supersymmetry breaking scale, which is at most
O(1) TeV.
Another SM extension which naturally accommodates0556-2821/2001/63~3!/035004~15!/$15.00 63 0350nonzero neutrino masses is SUSY with R-parity violation
~RPV!. R-parity is usually imposed as a global symmetry of
the minimal supersymmetric version of the SM ~MSSM! in
order to prevent an unacceptably large rate for proton decay.
However, this proves to be somewhat of an overkill, since
R-parity conservation implies both baryon number and lep-
ton number conservation, while to stop proton decay only
one or the other needs to be exactly conserved. In light of the
evidence for neutrino masses, which can potentially be Ma-
jorana particles and therefore violate lepton number, one
may, instead, take advantage of RPV operators to generate
small neutrino masses.
In this paper, we consider SUSY models with RPV but
with baryon parity ~in order to satisfy the current experimen-
tal upper limits on the proton lifetime @10#!.1 These models
naturally generate small Majorana neutrino masses, if the
RPV couplings are small @13–15#.2 In such RPV models,
‘‘large’’ LFV in the charged lepton sector is also generically
expected. Indeed, as has been pointed out in the literature
@17–22#, the most stringent limits on certain products of
RPV couplings come from the present experimental bounds
on charged LFV processes. Therefore it is important to un-
derstand some of the general features of LFV in models with
RPV.
It is interesting to consider how searches for LFV at low
energy experiments compare to those at colliders. For in-
stance, the simultaneous presence of R-violating operators
that couple both to e2q and to m2q (t2q) pairs, would
1In cosmology, large RPV Yukawa couplings may erase a pre-
existing baryon asymmetry @11#. Here we do not consider such
constraints since they are model-dependent and can be evaded in
several baryogenesis scenarios @12#.
2A mechanism which explains why RPV couplings are small is
required. This can be achieved, for example, by imposing flavor
symmetries which relate the lepton and baryon number violating
Yukawa couplings to those that generate fermion masses @16#.©2001 The American Physical Society04-1
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HERA @23#. It turns out that for e↔t transitions, the high
energy experimental probes provide the strongest bounds,
while for e↔m transitions stopped muon experiments pro-
vide, by far, the most stringent bounds. Finally, the strongest
bound for t↔m transitions comes from t→mg searches at
CLEO @24# @Br(t→mg),1.131026# which is less restric-
tive. In the near future, the experimental sensitivity to some
rare muons processes is going to improve by two to three
orders of magnitude, while a similar improvement is not ex-
pected for other LFV processes. For this reason, we will
focus on processes with stopped muons, which not only pro-
vide the stringent quantitative bounds on LFV today, but
which will be significantly probed in the near future.
In this paper, we discuss the LFV processes m1→e1g ,
m1→e1e2e1, and m2→e2 conversion in the case of mod-
els with trilinear RPV. In Sec. II, we briefly introduce the
SUSY models with trilinear RPV which will be considered
here. In Sec. III, we present the formalism for computing
branching ratios and asymmetries of the relevant LFV pro-
cesses. In Sec. IV, we consider LFV processes in some rep-
resentative cases, including those in which the branching ra-
tio for m1→e1g is much smaller than the branching ratio
for m1→e1e2e1 and/or the rate for m2→e2 conversion in
nuclei, which can be generated at the tree level. Even if all
LFV processes occur at the one-loop level, the rates for all
three processes considered here are comparable. These fea-
tures are completely different from the predictions of other
neutrino mass generating SUSY frameworks, such as the
MSSM with right-handed neutrinos @7#. In the latter, the
branching ratio for m1→e1g is much larger than that for
m1→e1e2e1 and the rate for m2→e2 conversion in nu-
clei, even though all processes are also generated at the one-
loop level. We also show that P-odd asymmetries in the
m1→e1e2e1 process ~which require polarized muons in
order to be measured! are very useful in order to distinguish
different models. Section V contains our conclusions. In Ap-
pendix A we provide explicit expressions for the LFV verti-
ces in the case of models with RPV, while in Appendix B we
discuss the current bounds on certain pairs of RPV couplings
from LFV processes and comment on neutrino masses.
II. SUSY MODELS WITH TRILINEAR R-PARITY
VIOLATION
Here, we briefly introduce the SUSY models with RPV
which will be discussed in the upcoming sections. If R-parity
conservation is not postulated, in addition to ordinary





¯ k1l i jk8 LiQ jD¯ k1l i jk9 U¯ iD¯ jD¯ k1m i8LiHu ,
~2.1!
where Li , E¯ i , Qi , U¯ i , D¯ i , and Hu denote the left-handed
doublet lepton, right-handed lepton, left-handed doublet
quark, right-handed up-type quark, right-handed down-type
quark, and ‘‘up-type’’ Higgs superfields, respectively. The03500indices i , j and k range from 1 to 3 for different quark or
lepton flavors. Throughout this paper, in order to forbid rapid
proton decay, we impose baryon parity @10#, so all l9 cou-
plings are zero. We also make the simplifying assumption
that all m8 also vanish.3 In light of these assumptions, the
superpotential above yields the following Lagrangian:
L5l i jk~n¯ Lic eL je˜Rk* 1e¯RknLie˜L j1e¯RkeL jn˜ Li!
1l i jk8 VKM
ja ~n¯ Li
c dLad˜Rk* 1d¯RknLid˜ La1d¯RkdLan˜ Li!
2l i jk8 ~u¯ j
ceLid˜ Rk* 1d¯RkeLiu˜ L j1d¯RkuL je˜Li!1H.c.,
~2.2!
where f ( f 5n , e , d , and u) denotes fermions and f˜ sfermi-
ons, and the index (R ,L) indicates the field’s chirality. We
assume that the RPV Yukawa couplings above (l i jk and
l i jk8 ) are the only source of LFV. In what follows, Eq. ~2.2!
is what is referred to by ‘‘RPV model.’’
III. BRANCHING RATIOS AND ASYMMETRIES
FOR THE LFV PROCESSES
In this section, we present complete expressions for the
branching ratios for the LFV processes m1→e1g , m1
→e1e2e1, and m2→e2 conversion in nuclei, for the P-odd
asymmetry in m1→e1g , and for the P-odd and T-odd asym-
metries in m1→e1e2e1.
A. µ¿\e¿g
The process m1→e1g (*) is generated by photon penguin
diagrams ~see the penguin diagrams in Figs. 1, 2, and 4!. The







where vm(e) and e are the antimuon ~positron! and photon
wave functions, and p and q are the antimuon and photon
momenta, respectively. PL and PR are chirality projection
operators: PL5(12g5)/2, and PR5(11g5)/2, while sab
5(i/2)@ga ,gb# . The effective couplings A1L ,R come from
off-shell photon diagrams (q2Þ0), which only contribute to
m1→e1e2e1 and m→e conversion in nuclei. On the other
hand, the couplings A2
L ,R arise from the on-shell photon dia-
grams (q250), which induce m1→e1g as well as m1
→e1e2e1 and m2→e2 conversion in nuclei. Explicit ex-
pressions for A1,2
L ,R in models with RPV are presented in Ap-
pendix A.
In the m1→e1g decay, it has been argued @25# that a
nonzero muon polarization is useful not only to suppress
3Even if m i8 were nonzero, their contributions to LFV processes
would be, in general, negligible because of neutrino mass con-
straints @14,22#.4-2
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→eL1g and m1→eR1g . The differential branching ratio for
m1→e1g is given by
dBr~m1→e1g!
d cos u 5
Br~m1→e1g!
2 $11APP cos u%,
~3.2!
where P is the muon polarization and u is the angle between
the positron momentum and the polarization direction. Here,
















where GF is the Fermi constant, and a is the fine-structure
constant.
B. Polarized µ¿\e¿e¿eÀ
In the RPV models, some of the LLE¯ couplings (l i jk)
generate m1→e1e2e1 at tree level ~Fig. 1!, while the pho-
ton penguin vertices A1,2
L ,R also contribute.4 The amplitude for
m1→e1e2e1 is
T5BLv¯ m~p !PLgmve~p2!u¯ e~p3!PRgmve~p1!1BRv¯ m~p !
3PRgmve~p2!u¯ e~p3!PLgmve~p1!14pav¯ m~p !
3H ~A1LPL1A1RPR!gm1mmismnqnq2 ~A2RPR1A2LPL!J
3ve~p2!u¯ e~p3!gmve~p1!2~p1↔p2!, ~3.5!
where the explicit expressions for the tree-level vertices
BR(L) in models with RPV are given in Appendix A.
When the muon is polarized, two P-odd and one T-odd
asymmetry can be defined @26,27#. Using the notation intro-
duced by Okada et al. @27#, the z-axis is taken to be the
direction of the electron momentum and the (z3x) –plane is
taken to be the decay plane. The positron with the largest
energy is denoted as positron 1 and the other as positron 2.
The x-coordinate is defined as (p1)x>0 where pW 1 is the mo-
mentum of positron 1. It is in this coordinate system that the
direction of the muon polarization PW , used below, is defined.
~For details, see @27#.! Finally, the P-odd and T-odd asym-
metries are defined as follows:
4There is also a Z-penguin contribution. However, its contribution
is suppressed by m f
2/mZ
2 where m f is the typical fermion mass in the
process. Therefore we simply neglect it. In order to be consistent,
























where the muons are assumed to be 100% polarized, and
NPi.(,)0 denotes the number of events with a positive
~negative! Pi component for the muon polarization. Here an
energy cutoff for positron 1 is introduced @E1,(mm/2)(1
2d)# and henceforth we will consider d50.02, following
Okada et al. @27#. This choice is made in order to optimize
the T-odd asymmetry. Of course, one can obtain more infor-
mation concerning the Ci coefficients, including the CP-odd
terms C11 and C12 ~see definition of Ci in what follows!, by
analyzing the Dalitz plot of the m1→e1e2e1 decay. Ci (i








































































~3.16!03500The branching ratio for d50.02 is
Br~d50.02!51.8~C11C2!10.96~C31C4!188~C51C6!
114~C71C8!18~C91C10!. ~3.17!













L*!J 18paRe$A1LBL*1A1RBR*22~A2RBL*1A2LBR*!%G . ~3.19!C. µÀ\eÀ conversion in nuclei
Similarly to m1→e1e2e1, not only photon penguin dia-
grams but also tree-level diagram induced by some of the
LQD¯ Yukawa couplings (l i jk8 ) can generate m2→e2 con-
version in nuclei. The amplitude is given by






Qqu¯ qgmuq , ~3.20!
where the complete expressions for the tree-level contribu-
tions Du ,d in the case of RPV models are presented in Ap-













where G ~m capture! is the muon capture rate in the nucleus
of interest @28#, Z and N are the proton and neutron numbers,
respectively, F(q) is the nuclear form factor as a function of
the momentum transfer and Ze f f is the nuclear effective
charge @29#. In some of the most commonly used nuclei, 22
48Ti
and 13
27Al, these nuclear parameters are given by @29#G~m capture!52.5903106 s2151.7310218 GeV,
Z522, Ze f f517.61,
uF~q252mm
2 !u50.535 for 2248Ti, ~3.22!
and
G~m capture!50.70543106 s2154.6310219 GeV,
Z513, Ze f f511.62,
uF~q252mm
2 !u50.64 for 13
27Al. ~3.23!
IV. LFV IN REPRESENTATIVE CASES
The most severe constraints on some particular products
of trilinear RPV couplings come from the present experi-
mental upper limits on the branching ratios of the LFV pro-
cesses discussed in the previous section ~see Appendix B!
@17–22#. Therefore, searches for LFV in muon processes are
particularly sensitive to models with RPV. Generically, it is
very hard to make definite predictions for the branching ra-
tios of the LFV processes since the number of new Yukawa
couplings (l i jk ,l i jk8 ) is too large. Here we consider, instead,
different cases where only a small number of RPV couplings
is significant for LFV. This is done not only to simplify the
problem at hand, but also to identify features of LFV which
are not only different from those in the ‘‘traditional’’ mod-
els, such as the MSSM with heavy right-handed neutrinos
discussed in @6–8#, but which can also be used to character-
ize the different cases themselves. This dominance of spe-
cific RPV couplings is also a consequence of certain flavor
models @16#.4-4
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First, we consider a model in which only the Yukawa
couplings l131 and l231 are non-zero. In this case, m1
→e1e2e1 is generated at the tree-level, while the other
LFV processes (m1→e1g and m2→e2 conversion in nu-
clei! are induced via photon penguin diagrams at the one-
loop level, as shown in Fig. 1.









2 S 12 mn˜ t22m
e˜R













Here we assume, without loss of generality, that the RPV
couplings are real. The function d is presented in Appendix
A. In m2→e2 conversion, we assume the momentum of the
virtual photon to be q252mm
2 in order to compute d(me2/q2)
in A1
L
, while in the case of m1→e1e2e1, we simply set
q250 (d50), since the tree-level contribution BL is much
larger than the contribution from d(me2/q2). The ratios of
branching ratios, Br(m1→e1g)/Br(m1→e1e2e1) and
R(m2→e2 in nuclei)/Br(m1→e1e2e1) do not depend on
the R-parity violating couplings l131l231 , and only depend



























the second of the equal signs being valid for mn˜ t5me˜R
5100 GeV. Here b511~one-loop contr.!/~tree-level contr.!
in the m1→e1e2e1 process, which is close to unity ~for
example, b50.98 for mn˜ t5me˜R5100 GeV!. Since the m
1
→e1e2e1 process is generated at tree level, its branching
ratio is much larger than that of the other LFV processes, as
expected. If such a scenario were realized in nature, the03500m1→e1e2e1 process would dominate over all the other
channels, i.e., it is very likely that if nature realizes this par-
ticular scenario, m1→e1e2e1 is within experimental reach
while m1→e1g is orders of magnitude below any foresee-
able future experiment.
Another interesting feature of Eqs. ~4.4!,~4.5! is that, be-
cause of an ultraviolet log-enhancement of the off-shell pho-
ton penguin contribution (A1L) @20,30#, the m2→e2 conver-
sion rates are significantly larger than the branching ratio of
m1→e1g .
It is important to emphasize that the ratios of branching
ratios of the different processes are very different from those
in the different neutrino-mass models. For example, in the
MSSM with heavy right-handed neutrinos ~and R-parity con-
servation! @7#, the following relations are approximately sat-
isfied, because the on-shell photon penguin contribution A2
R























4 D G~m capture!
50.92. ~4.7!
Another interesting feature of the case at hand is that in













since the tree-level contribution BL (C4) is dominant. The
key feature here is that the two different P-odd asymmetries
have opposite sign; AP1 /AP2.21.3. More generally, this
FIG. 1. Lowest order Feynman diagrams for lepton flavor vio-
lating processes induced by l131l231 couplings @see Eq. ~2.1!#.4-5
DE GOUVEˆ A, LOLA, AND TOBE PHYSICAL REVIEW D 63 035004TABLE I. The ratios of branching ratios Br(m1→e1g)/Br(m1→e1e2e1) and R(m2→e2 in
Ti)/Br(m1→e1e2e1), P-odd asymmetries AP for m1→e1g , AP1 and AP2 for m1→e1e2e1 are shown
when the listed pair of Yukawa couplings is dominant. Cases ~1!, ~2!, and ~3! refer to the representative
classes of models discussed in Secs. IV A, IV B, and IV C, respectively. Here, we assume mn˜ , l˜R5100 GeV
and no mixing in the charged slepton mass matrix, and mq˜5300 GeV. We also show a typical result obtained




Br~m→3e ! AP AP1 AP2 AP1 /AP2
Case ~1!
l131l231 131024 231023 2100% 119% 215% 21.3
l121l122 831024 731023 1100% 219% 115% 21.3
l131l132 831024 531023 1100% 219% 115% 21.3
Case ~2!
l132l232 1.2 18 2100% 225% 25% 5.6
l133l233 3.7 18 2100% 225% 24% 6.2
l231l232 3.6 18 1100% 125% 14% 6.2
l1228 l2228 1.4 18 2100% 225% 24% 5.7
l1238 l2238 2.2 18 2100% 225% 24% 5.9
Case ~3!
l1118 l2118 0.4 33102 2100% 226% 25% 5.4
l1128 l2128 0.5 83104 2100% 226% 25% 5.4
l1138 l2138 0.7 13105 2100% 226% 25% 5.5
l1218 l2218 1.1 23105 2100% 226% 25% 5.6
MSSM with nR 1.63102 0.92 2100% 10% 17% 0.6feature is present whenever the effective vertices BL ,R are
dominant. In Table I we list results of other similar ex-
amples.
The situation is clearly different from the MSSM with
heavy right-handed neutrinos, where the on-shell photon
contributions A2
R (C5) are dominant ~this case is also listed












Therefore, a measurement of the ~sign of the! ratio of
P-odd asymmetries in m1→e1e2e1 can clearly separate
these two models (BL ,R@AiL ,R versus A2L ,R@BL ,R).
Another useful observable which may be measured in the
case one has access to polarized muon decays is AP @Eq.
~3.4!#. In RPV models, AP can have different values ~see
Table I!, while in other SUSY extensions of the SM, either
m1→eL1g or m1→eR1g is forbidden. Some examples in-
clude R-parity conserving SUSY with right-handed neutrinos
~see Table I!, SU(5) and SO(10) SUSY grand unified theo-
ries, and other MSSM extensions @31,9#.03500B. All processes induced at one-loop level
Here we consider a different representative case, in which
all of m1→e1g , m1→e1e2e1, and m2→e2 conversion
in nuclei are induced at the one-loop level ~at the lowest
order in RPV couplings! through the photon penguin dia-
gram ~Fig. 2!. Suppose, as an example, that only the cou-
plings l132 and l232 are nonzero ~again we assume that both
of them are real, without loss of generality!.

















FIG. 2. Lowest order Feynman diagrams for lepton flavor vio-
lating processes induced by l132l232 couplings @see Eq. ~2.1!#.4-6
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2 for m2→e2 conversion, and q250 for m1→e1e2e1.5 The ratios of branching ratios Br(m1




S 12 mn˜ t22mm˜ R2 D
2




2 D 2g ,
51.2, ~4.14!
Rm2→e2 in Ti ~Al!
Br~m1→e1e2e1!
519.5~11.5!








2 D 2g ,
518~11!, ~4.15!
where the second of the equal signs holds for mn˜ t5mm˜ R5100 GeV. Here g is a function of the SUSY mass spectrum, but it











. ~4.16!As an example, g51.09 for mn˜ t5mm˜ R5100 GeV.
Because of the ultraviolet log-enhancement of the off-
shell photon penguin diagram (A1L) in Eq. ~4.13!, the event
rates for the m1→e1e2e1 and m2→e2 conversion in nu-
clei can be as large as the branching ratio for the m1
→e1g process, even though they are higher order processes
in QED.6 Figure 3 depicts the dependence on the slepton
masses of these ratios of branching ratios.
In the case of m1→e1g , a cancellation between the two
different diagrams ~sneutrino and smuon loops! can occur,
such that its branching ratio can be much smaller than that of
the other processes. On the other hand, the numerical value
of the ratio R(m2→e2 in nuclei)/Br(m1→e1e2e1) is
stable in a large region of the parameter space. All the LFV
processes are equally relevant in this model. Again, we stress
that these ratios of the branching ratios are very different in
more ‘‘traditional’’ cases, such as in the MSSM with heavy
right-handed neutrinos @see Eqs. ~4.6!,~4.7!#.
5Since the log-term is much larger than the d term for 0,q2
,mm
2 in Eq. ~4.13!, the result does not depend significantly on the
choice of q in the m1→e1e2e1 process.
6In the case of m1→e1e2e1, there is also an infrared log-
enhancement to the branching ratio, as can be seen in Eq. ~3.19!.03500Since the off-shell photon diagram A1
L is dominant in the
m1→e1e2e1 process, C2 (5C4) in Eqs. ~3.9!,~3.10! is
much larger than the other Ci (iÞ2,4). In this case, the












These relations @Eqs.~4.14!,~4.15!,~4.19!# are a typical fea-
ture of models in which the off-shell photon diagram is the
dominant contribution to the m1→e2e1e2 process. The re-
sults of other similar examples are also listed in Table I.
C. µÀ\eÀ conversion in nuclei induced at tree level
Here, we consider the possibility that m2→e2 conversion
in nuclei is induced at tree level. This can arise through some
of the LQD¯ terms (l i jk8 ). As an example, we consider a
model in which only l1218 and l2218 are nonzero, so m24-7
DE GOUVEˆ A, LOLA, AND TOBE PHYSICAL REVIEW D 63 035004→e2 conversion is generated at tree level while m1→e1g
and m1→e1e2e1 are generated at one-loop level ~Fig. 4!.
































As before, we set q252mm
2 for m2→e2 conversion, and
q250 for m1→e1e2e1. The ratios of branching ratios are
FIG. 3. Contours of constant Br(m1→e1g)/Br(m1
→e1e2e1) ~top!, and R(m2→e2 in Ti)/Br(m1→e1e2e1) ~bot-
tom! in the (mm˜ R3mn˜ t) plane, assuming that only the product of
LLE¯ couplings l132l232 is nonzero @see Eq. ~2.1!#.03500Br~m1→e1g!
Br~m1→e1e2e1!
51.1, ~4.22!
Rm2→e2 in Ti ~Al!
Br~m1→e1e2e1!
52~1 !3105. ~4.23!
Here we assume md˜R5mc˜L5300 GeV. Since m
2→e2 con-
version is induced at the tree level, its event rate is much
larger than that of other processes, as expected.
In m1→e1e2e1, the off-shell photon penguin vertex
(A1L) dominates over the other contributions because of the
ultraviolet log-enhancement. Therefore, the ratio of branch-
ing ratios Br(m1→e1g)/Br(m1→e1e2e1) and the P-odd
asymmetries AP1 and AP2 ~which are presented in Table I!
are very similar to those we obtained in the previous subsec-
tion. The order one numerical differences come from the
different sfermion masses used in both cases and the fact that
there are quarks and not leptons running around the loops.
Results for other similar examples are also listed in Table I.
In the case of m1→e1e2e1, the fact that we choose a
fixed value of q2 (50) instead of integrating over all pos-
sible q2 values leads to some uncertainty. These, however,
are not important as far as our intentions here are concerned.
We note that the numbers presented in Table I for ratios of
branching ratios when there are first generation quarks run-
ning around the loops are uncertain by some tens of percent.
D. Large T-odd asymmetry in µ¿\e¿eÀe¿
It is important to understand if any interesting effect can
be obtained if more than a single pair of RPV couplings is
present. Here we consider the possibility that m1
→e1e2e1 is generated at the tree level, but that the loop-
level contributions of on-shell ~and off-shell! photons is
comparable. This can be accomplished by having, for ex-
ample, nonzero l131l231 and l133l233@l131l231 .
In this case, all of BL, A1
L
, and A2
R can be comparable,
and there is the possibility that the T-odd asymmetry in m1
→e1e2e1 decay @Eq. ~3.8!# is large. We proceed to discuss
this in more detail.
We will consider the most general case in which all ef-
fective couplings BL, A1
L
, and A2
R are independent ~as may
be effectively the case if many RPV couplings are relevant!.
In this case, the T-odd asymmetry @Eq. ~3.8!# can be written
as
FIG. 4. Lowest order Feynman diagrams of lepton flavor violat-
ing processes induced by f 1218 f 2218 couplings @see Eq. ~2.1!#.4-8




3a11x sin~u22u1!23a12$y sin u21x sin~u22u1!%
X , ~4.24!where
X54a2x214a4~x21y212xy cos u1!1a5
22a7x cos~u22u1!22a9$y cos u21x cos~u22u1!%.
Here




Ru, and u1 (u2) is the relative
phase between BL and A1
L (A2R). Even when x , y , u1 and u2
are treated as independent parameters, this T-odd asymmetry







This upper limit is quite general, and applies to any exten-
sion of the SM. It can be obtained directly from the most
general effective Lagrangian which parametrizes m1
→e1e2e1 @32#.
Figure 5 depicts the value of the T-odd asymmetry and the
ratio of branching ratios of m1→e1g and m1→e1e2e1,
when we fix u1522.28, u2521.56 ~same as at the maxi-
mum point!. As can be seen from Fig. 5, these two observ-
ables are strongly correlated. In the region where the T-odd
asymmetry is relatively large, the branching ratio for m1
→e1g tends to be much bigger than the one for m1
→e1e2e1, since an on-shell photon coupling A2R compa-
rable to A1
R and BL is required in order to obtain a large
T-odd asymmetry. In this case, the branching ratio of m1
→e1e2e1 is dominated by the A2R coefficient due to the
relatively large collinear infrared logarithm @see Eq. ~3.19!#
and we obtain a ratio of branching ratios similar to the one
obtained for the MSSM with heavy right-handed neutrinos
@Eq. ~4.6!#.
In a generic RPV model, the T-odd asymmetry is unlikely
to be close to its maximum value @Eq. ~4.25!# because the03500branching ratio for m1→e1e2e1 is expected to be compa-
rable to ~and in some cases even much larger than! the one
for m1→e1g , as we argued in the previous subsections. It
is, however, possible to tune the various parameters in order
to achieve large effects. In other SUSY extensions of the
SM, large T-odd asymmetries can also be obtained in par-
ticular regions of parameter space. For example, the authors
of @27# discuss LFV in the case of SUSY grand unified theo-
ries, and find T-odd asymmetries larger than 15% in some
SU(5) models.
As an example, consider a situation where l131l213*
51026 and l133l233* 51.631024ei(p/2), while all other RPV
couplings are zero, leading to AT517% for mn˜ t5500 GeV
and me˜R5mt˜R5100 GeV. Here Br (m
1→e1g)55310212
and Br (m1→e1e2e1)53310214. Note that, in order to
obtain large AT values, one is required to impose a mild
FIG. 5. Constant contours of the T-odd asymmetry ~top! and the
ratio of branching ratios Br(m1→e1g)/Br(m1→e1e2e1) ~bot-
tom! in the (x3y) plane. x5uA1L/A2Ru and y5uBL/4paA2Ru. The




R are fixed at (u1 ,u2)
5(22.28,21.56). See text for details.4-9
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more severe, finely-tuned hierarchy in the ratio of couplings
~order 102), as is illustrated in Fig. 6.
V. CONCLUSIONS
We discussed lepton flavor violation ~LFV! in rare muon
processes (m1→e1g , m1→e1e2e1, m2→e2 conversion
in nuclei! in SUSY models with trilinear R-parity violation
~RPV!. Such models are interesting in the sense that they can
accommodate neutrino masses without requiring the intro-
duction of extra fields to the MSSM. Natural explanations
for the smallness of the RPV couplings have been studied
@16#, and are not discussed here.
It is well known that LFV in the charged lepton sector is
a very sensitive probe for models with RPV, and that some
of the most stringent constraints on RPV couplings come
from LFV processes. Here, instead of concentrating on how
RPV couplings are constrained by LFV, we study the expec-
tations for LFV observables in the case nature realizes SUSY
with small RPV, and discuss a number of different observ-
ables which may play a decisive role in distinguishing RPV
models among themselves and from other SUSY models.
Along these lines, we considered a number of representa-
tive cases for different RPV models in order to understand a
number of features related to LFV. An important observation
is that, in generic RPV models, all of the LFV processes
considered are of the same order ~i.e. the ratio of branching
ratios is of order one!, or m1→e1g is very suppressed with
respect to either m1→e1e2e1 and/or m2→e2 conversion
in nuclei, as is summarized in Table I. This behavior is to be
compared with R-conserving SUSY models with heavy
right-handed neutrinos, where the branching ratio of m1
→e1g is always much larger than the branching ratio for
m1→e1e2e1 and ~in general! the rate for m2→e2 conver-
sion in nuclei.
We also argue that the P-odd and T-odd asymmetries
which can be measured in the case of polarized m1
→e1e2e1 decays give an extra handle when it comes to
FIG. 6. Constant contours of the T-odd asymmetry in the (mn˜ t
3ul133l233 /l131l231u) plane, assuming that all other RPV cou-
plings vanishes and that the relative phase between the two pairs of
couplings is p/2.035004distinguishing different models. In particular, we discussed
whether a large T-odd asymmetry can be generated in the
case of RPV SUSY.
In summary, if there is indeed low-energy SUSY with
small but non-negligible RPV couplings, it is likely that
these not only contribute to Majorana neutrino masses but
also will be probed by LFV in the charged lepton sector. If
this is the case, naively higher order QED processes, such as
m1→e1e2e1 or m2→e2 conversion in nuclei are at least
as relevant as the more canonical m1→e1g decay.
Independently of what the new physics beyond the SM is,
it should be kept in mind that improving the current experi-
mental sensitivity of all LFV processes is important. We
hope to discuss this important issue in a future publication
@32#. We conclude by stressing that there are proposals for
improving the sensitivity to m1→e1g down to branchings
ratios of 10214 @33# and the sensitivity to m2→e2 conver-
sion in nuclei down to rates of 10216 @34# ~see Appendix B!;
however, in the case of the m1→e1e2e1, there are no pro-
posals for improving the current best bound, which is already
twelve years old. In view of the results discussed here, we
believe that experiments which are sensitive to smaller
branching ratios for m1→e1e2e1 ~at least as sensitive as
the future m1→e1g experiments! are of the utmost impor-
tance.
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APPENDIX A: LFV EFFECTIVE VERTICES
IN TRILINEAR RPV
In this appendix, we present explicit expressions for the
LFV effective vertices A1,2
L ,R
, BL ,R, and Du ,d in the trilinear
RPV models considered in the body of this paper.
1. Photon penguin vertices
The photon penguin vertices are defined in Eq. ~3.1!. The
effective couplings Ai









R(L)(e ,n) are induced by R-parity violating LLE¯ cou-
plings through a lepton–sneutrino loop and a neutrino–
slepton loop, respectively. Ai
R(L)(u ,d) are generated by LQD¯
couplings through an up-type quark–down-type squark loop
and a down-type quark–up-type squark loop, respectively.
The explicit expressions for the on-shell photon vertices A2
are as follows:-10
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Here the functions Js
(1,2) are defined byJs
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When b ,c!1, these functions can be approximated by
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where the functions Jq
(1,2) are defined by
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x1y2cy~12x2y !1a~12x2y !2bxy . ~A20!
When a ,b ,c!1, these functions are well approximated by
TABLE II. Current ~future! constraints on the R-parity violating couplings LLE¯ @see Eq. ~2.1!# from LFV
processes, assuming that only the listed pair of coupling is nonzero. The current ~future! upper limits on the
branching ratios are: Br(m1→e1g),1.2310211 (10214), Br(m1→e1e2e1),1.0310212, and R(m2
→e2 in Ti),6.1310213 @R(m2→e2 in Al),10216]. Here we assume all the sneutrino masses degenerate
with right-handed slepton masses, mn˜ , l˜R5100 GeV, and we neglect left-right mixing in the charged slepton
mass matrix. The notation ~tree! indicates that the m1→e1e2e1 process is generated at the tree level.
m→eg m→eee m→e in nuclei
ul131l231u 2.331024 @18# 6.731027(tree) @17# 1.131025 @20#
(731026) (231027)
ul132l232u 2.331024 @18# 7.131025 1.331025 @20#
(731026) (231027)
ul133l233u 2.331024 @18# 1.231024 2.331025 @20#
(731026) (431027)
ul121l122u 8.231025 @18# 6.731027(tree) @17# 6.131026 @20#
(231026) (131027)
ul131l132u 8.231025 @18# 6.731027(tree) @17# 7.631026 @20#
(231026) (131027)
ul231l232u 8.231025 @18# 4.531025 8.331026 @20#
(231026) (131027)
TABLE III. Current ~future! constraints on the R-parity violating couplings LQD¯ @see Eq. ~2.1!# from
LFV processes, assuming that only the listed pair of coupling is nonzero. The current ~future! upper limits on
the branching ratios are: Br(m1→e1g),1.2310211 (10214), Br(m1→e1e2e1),1.0310212, and R(m2
→e2 in Ti),6.1310213 @R(m2→e2 in Al),10216]. Here we assume all the squark masses are degenerate,
with mq˜5300 GeV. The notation ~tree! indicates that the m2→e2 conversion process is generated at the tree
level.
m→eg m→eee m→e in nuclei
ul1118 l2118 u 6.831024 @18# 1.331024 5.431026 ~tree! @19#
(231025) (231027)
ul1128 l2128 u 6.831024 @18# 1.431024 3.931027 ~tree! @19#
(231025) (731029)
ul1138 l2138 u 6.831024 @18# 1.631024 3.931027 ~tree! @19#
(231025) (731029)
ul1218 l2218 u 6.831024 @18# 2.031024 3.631027 ~tree! @19#
(231025) (631029)
ul1228 l2228 u 6.831024 @18# 2.331024 4.331025 @20#
(231025) (731027)
ul1238 l2238 u 6.931024 @18# 2.931024 5.431025 @20#
(231025) (931027)035004-12
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The tree-level vertices BR(L) in the m1→e1e2e1 process







l i11* l i12
2mn˜ i
2 . ~A27!
3. Tree-level vertices in the µÀ\eÀ conversion process
The tree-level vertices for m2→e2 conversion were de-










APPENDIX B: CONSTRAINTS ON R-PARITY-VIOLATING
COUPLINGS FROM LFV PROCESSES
AND NEUTRINO MASSES
The experimental limits on LFV processes set tight
bounds on specific combinations of R-parity violating cou-
plings. The most stringent experimental limit on the branch-035004ing ratio of m1→e1e2e1 is given by the SINDRUM ex-
periment at PSI @35#:7
Br~m1→e1e2e1!uexp.,1.0310212. ~B1!
The present experimental limit on the branching ratio of
m1→e1g process is set by the MEGA Collaboration at
LANL @36#:
Br~m1→e1g!uexp.,1.2310211. ~B2!
This limit will be significantly improved ~or, perhaps, LFV
will be found! in the near future by a new experiment at PSI
@33#, which claims to be able to observe m1→e1g events if
Br(m1→e1g).10214. The present experimental bound on
the conversion rate of m2→e2 in 2248Ti was determined by
the SINDRUM 2 Collaboration at PSI @37#:
R~m2→e2 in 2248Ti!uexp.,6.1310213. ~B3!
The future proposed ~almost approved! experiment MECO
@34# claims that it will be able to see m2→e2 conversion in
aluminum if R(m2→e2 in 1327Al).10216. ~More futuristic
proposals claim sensitivity to values of the rate of m2→e2
conversion in nuclei as low as 10218 @38#.!
7In order to reach the current bounds, rare muon decay experi-
ments need to stop the muons before they decay. For this reason,
they are constrained to analyze m1 decays, since the m2 is readily
captured by the material present in order to stop the muons and
there are virtually no free m2 decays. For the same reason, one can
only measure the m→e conversion rate in nuclei for the m2.-13
DE GOUVEˆ A, LOLA, AND TOBE PHYSICAL REVIEW D 63 035004Tables II and III contain current and near future bounds
on the absolute values of some pairs of RPV couplings, as-
suming that all other pairs of couplings vanish.
In models with trilinear RPV, neutrino masses are gener-
ated at one-loop via squark ~slepton! exchange for LQD¯
(LLE¯ ) operators. Under the assumption that the left-right
sfermion soft mass-squared mixing terms are diagonal in the
physical basis and proportional to the associated fermion
mass (m f˜LR
2
}m fm f˜), the formula for the neutrino masses can
be simplified to @15#
mn ii8
.
ncl i jkl ik j
16p2 m f jm f kF f ~m f j2 /m f˜k2 !m f˜k 1 f ~m f k






f ~x !5~x ln x2x11 !/~x21 !2.035004Here, m f i is the fermion mass of the ith generation inside the
loop, m f˜i is the average of the f˜Li and f˜Ri squark masses, and
nc is a color factor ~3 for LQD¯ operators and 1 for LLE¯
operators!. This expression implies that the heavier the fer-
mions in the loop, the stricter the bounds @15#. For example,
demanding mem,1 eV for sparticle masses of 300 GeV,
mb54.4 GeV and ms5170 MeV, leads to l1338 l2338 <4
31027. For l1228 l2228 the bound drops to 2.331024 @15#,
while for ‘‘Super-Kamiokande-friendly’’ solutions with hier-
archical neutrinos the bounds on certain products of RPV
couplings can be stricter by some orders of magnitude.
When comparing these bounds with the ones from LFV in
Tables II and III, we see that for a large number of models
the bounds from stopped muon processes are significantly
stronger than those from neutrino masses. A proper study of
these processes, therefore, can shed additional light on the
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